An age-dependent acceleration of apoptosis occurs in female germ cells (oocytes), and this requires communication between the oocyte and its surrounding somatic (cumulus) cells. Here we show in aged mice that ceramide is translocated from cumulus cells into the adjacent oocyte and induces germ cell apoptosis that can be prevented by sphingosine-1-phosphate. Trafficking of ceramide requires gap junction-dependent communication between the cumulus cells and the oocyte as well as intact lipid rafts. Further, the occurrence of the elevated incidence of apoptosis in oocytes of aged females is concomitant with an enhanced sensitivity of the oocyte to a spike in cytosolic ceramide levels, as well as increased bax mRNA and Bax protein levels. Thus, the force driving the age-related increase in female germ cell death is multifactorial, but changes in the intercellular trafficking of ceramide, along with hypersensitivity of oocytes to ceramide, are key factors in this process.
he aging process is a complex phenomenon, driven by as-yet incompletely described genetic programs. Although many factors are thought to modulate cellular and organismal life span, only a few are recognized as being prominently involved. Among these are mitochondrial respiration, genomic stability, oxidative stress, caloric intake, and activity of the insulin/insulin-like growth factor-1 (IGF-1) signaling system (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Several studies have also presented evidence for the involvement of the sphingolipid second messenger ceramide (12) in cellular senescence and organismal aging in diverse species (13) (14) (15) .
For example, in yeast (Saccharomyces cerevisae) the "longevity assurance" gene LAG1 (16) is an essential participant in the acetyl-CoA-dependent ceramide synthase reaction (17, 18) . Orthologs of the yeast LAG1 gene have been cloned in both Caenorhabditis elegans and humans (19, 20) , as well as in the tomato, Lycopersicon esculentum (21) . The tomato LAG1 gene T ortholog, termed Asc-1 (for Alternaria stem canker locus), confers resistance to the cytotoxic effects of sphinganine analog mycotoxins (SAM) produced by the phytopathogenic fungus Alternaria alternata f. sp Lycopersici (21) . Interestingly, SAM exert their toxic effects by suppressing sphingolipid biosynthesis in the same fashion as that of the fungal toxin fumonisin-B1 (FB1) from Fusarium moniliforme, which is known to selectively inhibit ceramide synthase (21, 22) .
Additionally, a positive correlation has been described between aging and increased activity of ceramidase, an enzyme that converts ceramide to sphingosine, in cells of both the liver and skin (23, 24) . With advanced age the liver also shows increased activities of both neutral and acid sphingomyelinases (NSMase and ASMase, respectively) but a decrease in sphingomyelin synthase activity (24) . These changes in lipid metabolism lead to marked differences in the levels of sphingolipids in the cells of young and aged animals. In the human ovary, an organ whose function declines precipitously with advancing age (25, 26) , ceramide levels have been shown to increase in the years immediately preceding the menopause (27) , when a woman's pool of germ cells (oocytes) has been nearly exhausted (25) . The process of apoptosis is now widely accepted as the driving force behind oocyte loss with age (28) , and past studies have reported an increase in the rate of oocyte death in ovaries of aged vs. young females (29, 30) . These observations are intriguing in light of recent work from mice showing that oocytes lacking acid sphingomyelinase (ASMase) are resistant to developmental stimuli that trigger apoptosis during both fetal and postnatal life (31) . In other genetic null mouse models where the long-term effects of such "oocyte sparing" have been examined, ovarian function is prolonged into very advanced ages, thereby preventing the murine equivalent of menopause (32) .
Past studies have shown that when oocytes, along with their attached supportive somatic (cumulus) cells, were harvested from aged female mice and placed in culture, the incidence of oocyte death increased dramatically over that observed in cultured cumulus cell-oocyte complexes (COC) collected from young mice (33) . Subsequent experiments showed that this age-related increase in oocyte death was completely dependent on the presence of the cumulus cells, since oocytes collected from aged females but stripped of their cumulus cells did not exhibit this elevated incidence of death (34) . It was therefore concluded that a cumulus cellderived factor(s), transported into the oocyte, either directly or indirectly facilitated activation of the death program in oocytes of aged females (34) . Considering that the rate of oocyte depletion from the human ovaries accelerates dramatically in the 10 or so years before menopause (25) , these data suggest that similar events may be at work in the ovaries of women as they age.
We therefore designed the present experiments to determine if ceramide produced by cumulus cells and transported into oocytes could be responsible for driving the age-related increase in germ cell apoptosis. We also determined if oocytes collected from young and aged female mice respond differently to ceramide, with respect to apoptosis induction, as a potential mechanism to explain how advancing maternal age can influence susceptibility to death in the female germline. Finally, in light of evidence from past studies that the proapoptotic Bcl-2 family member Bax can synergize with ceramide in promoting mitochondrial destabilization (35) and that it is a key regulator of oocyte apoptosis (32, (36) (37) (38) (39) , we determined if with increasing maternal age there is elevated expression of Bax in female germ cells.
MATERIALS AND METHODS

Animals
For all experiments except those involving ASMase null or bax null oocytes, female ICR mice were purchased from Taconic (Germantown, NY) at 7-8 wk (young adult) or 34-35 wk (aged adult) of age. For the study of ASMase null or bax null oocytes, wild-type and homozygous null female mice were generated by mating of heterozygous animals. The generation and genotyping of ASMase mutant and bax mutant mice have been detailed previously (31, 32, 40, 41 ) All experiments involving animals described herein were reviewed and approved by the institutional animal care and use committee of Massachusetts General Hospital.
In vitro oocyte cultures
Female mice were superovulated with 10 IU of equine chorionic gonadotropin (eCG; Professional Compounding Centers of America, Houston, TX) followed by 10 IU of human chorionic gonadotropin (hCG; Serono Laboratories, Norwell, MA) 46 h later. Mature oocytes were collected from the oviducts 16 h after hCG injection. When required, cumulus cell-enclosed oocytes were denuded of cumulus cells by a 1 min incubation in 80 IU/ml of hyaluronidase (Sigma, St. Louis, MO), followed by three washes with culture medium.
All cultures were carried out in human tubal fluid (Irvine Scientific, Santa Ana, CA) supplemented with 0.5% bovine serum albumin (BSA, fraction V; Gibco-BRL Life Technologies, Grand Island, NY). Oocytes or COC were cultured in 0.1 ml drops of culture medium (10 oocytes/drop) under paraffin oil and incubated for up to 42 h at 37°C in a humidified atmosphere of 5% CO 2 -95% air. In some experiments, sphingosine-1-phosphate (S1P, 10 µM final; Biomol, Plymouth Meeting, PA) was included to assess the functional involvement of ceramide, whereas in other experiments COC were incubated in the presence of the gap junction uncoupler, glycyrrhetinic acid (GA, 10 µM; Sigma) (42, 43) , or a BH4 peptide (15 µg/ml; Calbiochem, La Jolla, CA) derived from human Bcl-x L (44), or a disruptor of lipid rafts, filipin (FILI; 10-40 µg/ml; Sigma) (45, 46) , or a ceramide synthase inhibitor, fumonisin-B1 (FB1; 2.2 µM; Sigma), or an inhibitor of glucosylceramide synthase PPMP (20 µM; Biomol, Plymouth Meeting, PA) (47) .
Oocyte microinjection
Oocytes were collected from young or aged ICR female mice or from young adult wild-type or ASMase null or bax null female mice, as detailed in the previous section. Immediately after isolation, denuded oocytes were microinjected with C16-ceramide (6 pl of a 1 mM stock per oocyte; Sigma; 60-70 oocytes injected per hour), with vehicle (DMSO; Sigma), or with a C16-ceramide antibody (6 pl of a 200 µg/ml stock per oocyte; clone MID 15B4, Alexis Biochemicals, San Diego, CA). Oocytes that did not survive the microinjection procedure (<25%) were discarded. The remaining oocytes were cultured as described earlier for up to 42 h, and the incidence of apoptosis was then assessed.
Analysis of apoptosis
At the end of the culture period, the oocytes were fixed and evaluated, as detailed previously (31, 32, 34, 48) for characteristics of apoptosis, including morphological changes (e.g., condensation, budding, and cellular fragmentation) and biochemical alterations (i.e., DNA cleavage; Comet Assay Kit, Trevigen, Gaithersburg, MD). The percentage of oocytes that underwent apoptosis out of the total number of oocytes cultured per drop in each experiment was then calculated.
Ceramide immunocytochemistry
At the end of the culture period, COC and denuded oocytes were fixed, transferred onto slides, air-dried, and stored at -70°C until processed for immunocytochemical analysis of ceramide levels. Assays were performed using a 1:50 dilution of a mouse monoclonal antibody specific for the detection of ceramide (clone MID 15B4, Alexis Biochemicals) after high temperature antigen unmasking, followed by antigen detection with a fluorescein isothiocyanate-labeled anti-mouse IgM secondary antibody (Roche, Indianapolis, IN). The signal was visualized under a fluorescent microscope fitted with a fluorescein filter. In the absence of primary antibody, no immunoreaction was observed (unpublished data). The specificity of the antibody for ceramide has been verified by thin layer chromatography, immunostaining of C16-ceramide, C16-dihydroceramide, or sphingomyelin (45) . We verified the specificity of the antibody in our system by immunostaining of oocytes loaded with C16-ceramide and C16-dihydroceramide. Strong binding was detected in cells loaded with C16-ceramide and lack of binding scored in oocytes loaded with C16-dihydroceramide; also, we detected no binding of the antibody to S1P (a lipid with a chemical structure very similar to ceramide).
Bax expression analysis
Analysis of bax mRNA levels in isolated oocytes was performed by a quantitative RT-PCR assay followed by dot blot hybridization, as detailed previously (49, 50) . Briefly, cDNAs corresponding to 3′-untranslated region of all polyadenylated transcripts were derived from pools of denuded oocytes obtained from either young or aged ICR mice. The resultant amplified products were dot blotted and hybdridized with 32 P-labeled cDNA probes derived from the 3′-untranslated region of murine bax or β-actin mRNA, as described previously (50) . After being washed extensively, signals were quantitated using a PhosphoImager and a calibrated 14 C microscale (Amersham-Pharmacia Biotech, Piscataway, NJ). All data for bax mRNA levels per sample were normalized against β-actin mRNA levels. Each sample consisted of five oocytes, and each age was represented by several replicate pools of oocytes from different mice (young, n=6; aged, n=4).
Bax protein levels were assessed in oocytes, essentially as described previously (38). Briefly, oocytes were harvested from young and aged ICR female mice, fixed in neutral-buffered 10% formalin, transferred to glass slides, air-dried, and stored at −20°C until analysis. After being defrosted, the slides were washed in 1× phosphate-buffered saline (PBS) and antigen retrieval was performed in sodium citrate buffer. The slides were washed again in 1× PBS and then blocked in 1× PBS containing 10% goat serum and 0.05% Triton X-100. The slides were then immunostained overnight at 4°C using a 1:50 dilution of an affinity-purified rabbit polyclonal antibody raised against mouse Bax (P19; Santa Cruz Biotechnology, Santa Cruz, CA), prepared in 1× PBS supplemented with 1% goat serum. The slides were then washed and incubated with a 1:200 dilution of a biotinylated goat anti-rabbit antibody, and immunodetection was performed with streptavidin-Texas Red. The slides were washed, counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma), and subsequently viewed by deconvolution microscopy. Oocytes were serially scanned, and 10 optical sections were analyzed using DeltaVision software (Applied Precision Inc.). The total fluorescence was determined on stacked deconvolved images, and mean of relative fluorescent units (RFU) in each group was calculated for young (n=20) or aged (n=24) oocytes. Oocytes without exposure to primary antibody (n=8) were used as negative controls to determine background, which was subtracted from each value before final analysis. RFU are arbitrary values for fluorescence intensity, as determined by DeltaVision software.
Determination of cytochrome c release
Oocytes collected from young and aged mice were preincubated without or with C16-ceramide (10 µM) for up to 2 h. After the incubation time, oocytes were homogenized, and mitochondrial enriched fractions were prepared by differential centrifugation, as described previously (51) . Quantitation of cytochrome c (cyt c) concentrations was performed by using the Quantikine ® M assay (R&D Systems) according to the manufacturer's instructions.
Determination of pixel intensity from digital images
The quantitative data for ceramide levels were generated by the use of DeltaVision software. The total pixel intensity (PI) was determined from original digital files and used to compute pixel intensities for individual oocytes and groups of 300 cumulus cells per oocyte. Every experiment was analyzed separately since intensities vary from experiment to experiment. When oocytes were analyzed, the average relative PI for young oocytes was determined first; this was then considered as 100%, and subsequently values for old oocytes were expressed as relative percent decrease. Using this system, we were able to combine data from different experiments. The same exact procedure was used when analyzing cumulus cells, but this time the higher PIs were found in aged cumulus cells; therefore, their average was the one assigned the 100% value. In every experiment, COC without exposure to primary antibody were used as negative controls to determine background.
Data presentation and statistical analysis
All experiments were independently replicated at least three times with different sets of mice. The combined data from the replicate experiments were subjected to a one-way ANOVA followed by Scheffé's F test or Student's t test. The results were considered statistically significant at P < 0.05. Data in graphs are means ± SE of combined data from the replicate experiments, while representative photomicrographs are presented for the immunocytochemical analysis of ceramide and Bax.
RESULTS
Ceramide is trafficked from cumulus cells into oocytes of aged mice before the onset of apoptosis
We first examined the trafficking of ceramide in cumulus cells and oocytes by immunofluorescence using a monoclonal antibody against ceramide. The specificity of the antibody for ceramide has been previously validated (45, (52) (53) (54) . In freshly isolated cells, abundant levels of the sphingolipid were detected in most cumulus cells of COC harvested from aged (34-35 wk postpartum) female mice, whereas comparatively lower levels were detected in the corresponding oocyte (Fig. 1A) . Short-term (3 h) incubation of COC from aged mice resulted in a complete loss of ceramide from the cumulus cells with a concomitant increase in the corresponding oocyte (Fig. 1B) . By 24 h of incubation, ~50% of the oocytes within these COC had undergone apoptosis (Fig. 1G) . In contrast, denuded oocytes (i.e., stripped of cumulus cells) collected from aged mice failed to show any increase in ceramide levels after incubation in parallel (Fig. 1C) , and the incidence of apoptosis in denuded oocytes from aged mice cultured for 24 h was <20% (Fig. 1G) . By comparison, freshly isolated COC from young (7-8 wk) female mice possessed almost nondetectable levels of ceramide in their cumulus cells with higher levels in their oocytes (Fig. 1D) , which remained constant during culture regardless of whether the cumulus cells were present (Fig. 1E) or absent (Fig. 1F) . Further, the incidence of apoptosis in either cumulus-enclosed or denuded oocytes of young mice after a 24 h culture was low and comparable to that observed in denuded oocytes of aged females (Fig. 1G) . Analysis of ceramide levels by the determination of relative PI revealed that PI for freshly isolated aged cumulus cells was 100% and from every 300 cumulus cells counted, 95 ± 4.82% of them were positive for ceramide staining (n=30 COC; 300 cumulus cells/COC). On the contrary, cumulus cells from young mice showed a 79 ± 7.8% decrease in relative PI (compared with cumulus cells from aged mice) and from every 300 cumulus cells counted, only 5 ± 2.14% were ceramide positive (n=30 COC; 300 cumulus cells/COC). The PI for freshly isolated young oocytes in COC was 100% while the PI for aged oocytes showed an 84 ± 5.8% decrease (compared with young oocytes). After 3 h of incubation, the PI in aged oocytes within COC reached values very close to the 100% (97±2.8%; n=30), while PI in aged denuded oocytes remained low (a percent decrease of 86±6.83% when compared with young oocytes or aged oocytes in COC).
Interference with gap junction-dependent communication or disruption of lipid rafts prevents ceramide trafficking and apoptosis in COC of aged mice
Culture of COC from aged mice for 3 h in the presence of 10 µM glycyrrhetinic acid (GA), an agent that specifically uncouples gap junctions (42, 43) , prevented the movement of ceramide from the cumulus cells into the oocyte ( Fig. 2A; compared with Fig. 1B) . Concurrent with its ability to inhibit ceramide trafficking, GA completely suppressed the increased incidence of oocyte apoptosis in COC derived from aged females (Fig. 2B) . However, GA did not affect the basal incidence of oocyte apoptosis in COC isolated from young mice (Fig. 2B) , indicating that this agent does not exert nonspecific or broad antiapoptotic actions. When PI were computed, we found that after 3 h of incubation in the presence of GA, the cumulus cells remained at 100% and the oocytes continued to show a decrease of ~84% (82±7.05%; n=25) when compared with PI observed in young oocytes (100%; n=20). To further characterize the pathway for ceramide trafficking, we disrupted biochemical reactions in membrane lipid rafts by incubating COC from aged mice with filipin. This compound upsets the functional integrity of lipid rafts by interfering with cholesterol metabolism, and hence effectively inhibits signaling from these ceramideenriched membrane platforms (45, 46) . Incubation of COC from aged mice in the presence of filipin (10-40 µg/ml) for 3 h efficiently blocked the increase in ceramide levels in oocytes (PI=17±3.05%; n=20; compared with 100% PI in oocytes of aged COC without filipin), leading to the accumulation of ceramide in the space between the oocyte plasma membrane and the outer zona pellucida protein coat (Fig. 3D-F) . The PI in cumulus cells decreased from 100% at time zero to 22 ± 2.68% after 3 h in the presence of filipin (n=20). Moreover, blockade of the membrane signaling by filipin also prevented, in a dose-dependent manner, apoptosis in oocytes of COC from aged mice after a 24 h culture (Fig. 3G) .
S1P prevents apoptosis in COC of aged mice but does not prevent ceramide trafficking
To further determine if ceramide is functionally important for induction of apoptosis in oocytes of aged mice, we first examined if S1P, a by-product of ceramide metabolism and an inhibitor of ceramide-promoted cell death (55, 56) , could suppress apoptosis in this model. Treatment of COC from aged mice with 10 µM S1P, a dose previously shown to be effective in preventing anticancer drug-induced apoptosis in murine oocytes (31, 36) , abolished both basal and the agedependent increase in apoptosis observed in cumulus-enclosed oocytes cultured for 24 h (Fig. 4) . In contrast, an equimolar concentration of the inactive S1P analog dihydro-S1P was without effect (unpublished data). We further observed that in COC from aged mice treatment with S1P did not prevent the accumulation of ceramide in the oocyte after culture (unpublished data). This suggests that trafficking of ceramide from the cumulus cells was not affected by S1P but rather that S1P specifically interfered with ceramide-promoted oocyte death.
Oocyte sensitivity to ceramide-induced apoptosis increases with advancing age
A second approach to confirm an age-dependent role for ceramide as a proapoptotic messenger in oocytes was undertaken by microinjecting natural long-chain (C16) ceramide (6 pl from a 1 mM stock solution) or its vehicle into denuded oocytes from young and aged female mice and then assessing apoptosis. Ceramide microinjection failed to induce apoptosis in denuded oocytes collected from young mice; however, denuded oocytes of aged mice responded to C16-ceramide injection with a significant increase in the incidence of apoptosis (Fig. 5) . In contrast, microinjection of denuded oocytes from aged mice with an equimolar concentration of dihydro-C16-ceramide did not increase the incidence of oocyte apoptosis (unpublished data).
Chronic ceramide deficiency increases the sensitivity of oocytes of young mice to ceramideinduced apoptosis
One possible explanation for the difference in response between oocytes of young and aged female mice to a cytosolic spike in ceramide is that oocytes from aged mice, which possess extremely low levels of the sphingolipid, develop a heightened response to exogenous ceramide because of a prolonged deficiency in endogenous ceramide. To test this, we examined oocytes of young ASMase-null mice, which are chronically deficient in ceramide generation. To first confirm that oocytes of ASMase null females indeed show a low level of endogenous ceramide, COC harvested from young mutant females were evaluated for ceramide levels by immunofluorescence. In contrast to that observed with young wild-type female littermates (Supplemental Material: Fig. 1A-C) , cumulus cells and oocytes of young ASMase-deficient females contained low basal levels of ceramide before culture (Supplemental Material: Fig. 1D-F) . Microinjection of C16-ceramide into denuded oocytes of young ASMase mutant females induced apoptosis to an extent comparable to that seen in COC of aged wild-type females ( Fig.  6 ; compared with Fig. 1G ). Moreover, culture of the ASMase-deficient oocytes in the presence of the ceramide synthase inhibitor FB1 (2.2 µM for 6 h) (22) further increased the apoptotic response to C16-ceramide microinjection (Fig. 6) . In contrast, FB1 had no effect on the basal rate of apoptosis in wild-type or ASMase null oocytes or on the apoptotic response of wild-type oocytes microinjected with C16-ceramide (Fig. 6) . Furthermore, inhibition of both glucosylceramide synthase with PPMP (20 µM for 6 h) and ceramide synthase with FB1, followed by microinjection of C16, decreased the death rate back to the values induced by C16-ceramide alone in ASMase-deficient oocytes (oocyte apoptosis 65±8.41%; n=25), while no effects were observed in ASMase-WT oocytes (12±3.36%; n=30). These results confirm that in oocytes FB1 is most probably inducing a decrease in ceramide levels by favoring synthesis of glucosylceramide as seen in other cells too (57) and also emphasize that basal cytosolic levels of ceramide determine the response to exogenous ceramide.
Oocytes of aged mice also show elevated Bax expression
If ceramide is proapoptotic in oocytes, it was somewhat puzzling why oocytes of young mice, which have an ample supply of endogenous ceramide available for initiating apoptosis (Fig. 1D) , show a relatively low incidence of cell death when cultured in vitro (Fig. 1G) . From previous studies, ceramide has been shown to alter the activity or function of several components of the apoptosis machinery (12, 35, 58, 59) . In one such study, it was demonstrated that ceramide synergizes with Bax in promoting mitochondrial destabilization (35) . Given this information, along with the central importance of Bax in the death of oocytes induced by diverse stimuli (28, 32, (36) (37) (38) (39) , we explored the possibility that Bax availability changes in oocytes with increasing maternal age. In freshly isolated denuded oocytes, we detected a significant increase in the levels of bax mRNA in oocytes of aged compared with those of young mice (Fig. 7A) . These changes in bax mRNA accumulation were mirrored by similar age-related increases in Bax protein levels ( Fig. 7B and D, compare with C) . Moreover, culture of COC from aged mice with a cellpermeable Bcl-2 homology domain-4 (BH4) peptide (15 µg/ml) derived from the Bax antagonist Bcl-x L (44) suppressed the age-related increase in the incidence of oocyte apoptosis to levels nearing those observed in denuded oocytes of aged females (Supplemental Material: Fig. 2 ; compare with Fig. 1G ).
Ceramide acts upstream of Bax to induce oocyte apoptosis
To further delineate the relationship between ceramide and Bax in the induction of oocyte apoptosis, oocytes were collected from young wild-type and bax null females and subsequently treated with FB1 and microinjected with a ceramide antibody (6 pl from a stock solution of 200 µg/ml) to sensitize the oocytes to exogenous ceramide (see above). Microinjection of C16-ceramide into denuded oocytes of young wild-type females induced apoptosis (57±7%; n=49 oocytes). In contrast, in bax null oocytes treated in a parallel fashion C16-ceramide microinjection had no effect on apoptosis (6±4%; n=52 oocytes; P<0.001 vs. wild type).
No evidence of increased cyt c release with aging
Activation of Bax during apoptosis promotes its insertion into the mitochondrial outer membrane and triggers cyt c release from the intermembrane space into the cytosol (60, 61) . Moreover, formation of ceramide channels in mitochondria has been shown to also facilitate entry and exit of cyt c from the intermembrane space (62, 63) . Since, oocytes from aged mice accumulated not only Bax but also ceramide before dying by apoptosis, we decided to test if mitochondria collected from oocytes of aged mice, release more cyt c than mitochondria from young mice, when incubated in the presence of ceramide. Oocytes collected from young and aged mice were preincubated without or with C16-ceramide (10 µM) for up to 2 h. After the incubation time, mitochondrial enriched fractions were prepared as described previously (51) and quantitation of cyt c concentrations was performed by using the Quantikine ® M assay (R&D Systems). We found no evidence of increased cyt c release with aging (unpublished data).
DISCUSSION
Evidence linking an increased incidence of apoptosis in female germ cells with advancing maternal age has been presented in past studies (33, 34) . Further, this phenomenon requires some type of communication between the germ cell (oocyte) and the somatic (cumulus) cells surrounding the oocyte throughout its developmental program (34) . In the present study, several key details of this intercellular cross-talk have been elucidated, the most notable of which is related to the enhanced sensitivity of aged oocytes to a cytosolic ceramide spike released by cumulus cells and translocated via gap junction-dependent communication. In addition, the evidence points to the proapoptotic actions of ceramide in this model as being upstream and requiring the presence of Bax, the latter of which accumulates in oocytes with age.
The finding that ceramide was trafficked from one cell type (cumulus cells) into another (germ cells) as a signal for apoptosis is striking and to our knowledge has not been reported previously. The biophysical properties of ceramide render it easily transported through adjacent membrane contact sites (64, 65) and, hence, consistent with a role for both gap junctions and lipid microdomains being involved in the intercellular movement of this sphingolipid. Further, the lipid rafts affected by filipin are not only enriched in ceramide but also contain ASMase (66), one of the key hydrolytic enzymes involved in ceramide generation associated with apoptosis (67) . In light of this, the ability of filipin to prevent trafficking of ceramide from cumulus cells into oocytes, as well as the ensuing suppression of apoptosis in oocytes after filipin treatment, is interesting when considered with past studies showing that ASMase-generated ceramide is required for apoptosis in female germ cells during fetal development and in response to pathological insults (31) . Thus, the present findings extend these past observations by identifying a key role for ceramide in signaling the accelerated incidence of apoptosis in oocytes of aged female mice.
Another intriguing observation was the finding from the microinjection experiments of an agerelated sensitivity of oocytes to a cytosolic spike in ceramide levels with consequential induction of apoptosis. Thus, rapidly elevating ceramide levels in oocytes of aged females, whether by intercellular trafficking or microinjection, were consistently linked to the onset of apoptosis. Interestingly, although oocytes of young mice were refractory to ceramide microinjection, their susceptibility was restored by experimentally reducing ceramide levels in young oocytes by ASMase deficiency and FB1 treatment. Thus, the basal cytosolic levels of ceramide present in oocytes affect whether or not a spike in ceramide can trigger apoptosis.
The age-related change in ceramide sensitivity may also be related to alterations in other components of the apoptosis-signaling cascade, such as Bax. Past studies have documented an important role for Bax in female germ cell death under diverse conditions (28, 32, (36) (37) (38) (39) . In the present study, we observed that oocytes accumulate bax mRNA and Bax protein with age. These findings, taken together with reports from others that ceramide can synergize with Bax in mitochondrial permeability transition (35) , raise the possibility that the increased incidence of apoptosis observed in oocytes of aged mice is related to both a change in ceramide sensitivity and Bax bioavailability. Such a conclusion is supported by a number of observations. First, ceramide is clearly involved in triggering apoptosis in oocytes of aged mice, as shown by the ability of S1P to prevent apoptosis in this model as well as of ceramide microinjection to trigger apoptosis in denuded oocytes. Second, the age-related increase in the incidence of oocyte apoptosis was suppressed by the presence of the BH4 domain of Bcl-x L , a known antagonist of Bax function (44) . Last, ceramide microinjection failed to induce apoptosis in Bax-deficient oocytes, providing evidence of a functional link between ceramide and Bax in this model of cell death.
In summary, these experiments have begun to tease apart the molecular and cellular components of enhanced apoptosis in aging female germ cells, uncovering a novel role for the intercellular trafficking of ceramide as a key step in the process. Further, significant differences in ceramide levels, ceramide sensitivity, and Bax availability were identified in oocytes of young and aged female mice, which collectively raise the apoptotic threshold in the female germline with advancing maternal age. Such findings not only further define the interrelationships between various components of the apoptosis machinery in female germ cells but also may help to elucidate the molecular basis for the accelerated rate of oocyte depletion observed in women prior to menopause (25, 26) . D, E) and denuded oocytes (DO; C, F) from aged and young mice. High levels of ceramide (bright green) were present in most cumulus cells (arrows) of freshly isolated COC from aged mice, whereas relatively low levels were detected in the oocyte (A). By comparison, very low levels of ceramide were present in cumulus cells of freshly isolated COC from young mice, whereas higher levels were detected in the oocyte (D). Incubation of COC from aged mice for 3 h resulted in a complete loss of ceramide in cumulus cells, while a corresponding increase occurred in adjacent oocyte (B). Denuded oocytes from aged mice failed to show any increase in ceramide levels after incubation (C). Ceramide levels in oocytes of young mice remained constant during culture, regardless of whether the cumulus cells were present (E) or absent (F). G) COC or DO obtained by superovulation of young and aged female ICR mice were cultured in vitro for 24 h, after which the percentage of oocytes (of the total number cultured in each group) exhibiting morphological evidence of apoptosis was determined. Data are means ± SE of results from at least 3 independent experiments, with 3 mice per age group used for each experiment. Total number of oocytes analyzed per group is provided above the respective bar. Arrows, cumulus cells. In vitro culture (3 h) of COC from aged mice in the presence of 10 µM glycyrrhetinic acid (GA) prevented movement of ceramide from the cumulus cells into the oocyte (A). GA completely suppressed increased incidence of oocyte apoptosis in COC from aged mice (B) without affecting basal incidence of culture-induced oocyte apoptosis in COC isolated from young mice (B). COC obtained by superovulation of young and aged female ICR mice were cultured in vitro for 24 h, after which the percentage of oocytes (of the total number cultured in each group) exhibiting morphological evidence of apoptosis was determined. Data are means ± SE of results from 3 independent experiments, with 3 mice per age group used for each experiment. The total number of oocytes analyzed per group is provided above the respective bar. *Oocyte; N.D., none detected. Corresponding bright field microscopic images are shown (A-C) to appreciate that ceramide has been released from the CC but not trafficked into the oocyte. Filipin also blocked age-related increases in apoptosis in a dosedependent manner (G). COC obtained by superovulation of aged female ICR mice were cultured in vitro for 24 h, after which the percentage of oocytes (of total number cultured in each group) exhibiting morphological evidence of apoptosis was determined. Data are means ± SE of results from at least 3 independent experiments, with at least 3 mice per dose for each experiment. Total number of oocytes analyzed per group is provided above the respective bar. *P < 0.05 compared with respective control value. Oo, oocyte; CC, cumulus cells. from aged and young mice in the presence of 10 µM S1P completely suppressed the increased incidence of oocyte apoptosis in COC from aged mice. COC obtained by superovulation of young and aged female ICR mice were cultured in vitro for 24 h, after which percentage of oocytes (of total number cultured in each group) exhibiting morphological evidence of apoptosis was determined. Data are means ± SE of results from at least 3 independent experiments, with each incorporating at least 3 mice per age group. Total number of oocytes analyzed per group is provided above the respective bar. *P < 0.05, compared with respective control value. N.D., none detected. . Oocyte sensitivity to ceramide-induced apoptosis increases with advancing age. Denuded oocytes from aged and young female mice were microinjected with vehicle (CON; 6pl) or with a natural long-chain (C16; 24 µM) ceramide and the percentage of oocytes (of the total number cultured in each group) exhibiting morphological evidence of apoptosis was determined after 42 h of culture. C16-ceramide microinjection failed to induce apoptosis in denuded oocytes from young mice. DO of aged mice responded to C16-ceramide microinjection with a significant increase in the incidence of apoptosis. Data are means ± SE of results from at least 4 independent experiments. Total number of oocytes analyzed per group is provided above the respective bar. *P < 0.05, compared with respective control value.
Fig. 6
Figure 6. Percent apoptosis in denuded oocytes of young ASMase KO females after microinjection of C16-ceramide. DO obtained by superovulation of young ASMase WT and KO females were microinjected and cultured in vitro for 42 h, after which the percentage of oocytes (of total number cultured in each group) exhibiting morphological evidence of apoptosis was determined. Microinjection of C16-ceramide into DO of young ASMase KO females induced apoptosis, and culturing oocytes in the presence of fumonisin B1 (FB1; 2.2 µM) further increased the apoptotic response of ASMasedeficient oocytes to C16-ceramide microinjection. FB1 had no effect on either basal rate of apoptosis in WT or KO oocytes or on the apoptotic response of WT oocytes microinjected with C16-ceramide. Data are means ± SE of results from at least 3 independent experiments. Total number of oocytes analyzed per group is provided above the respective bar. D) . Immunolocalization of Bax was done as described in Materials and Methods; the secondary antibody was Texas Red-labeled. Samples were counterstained with DAPI and viewed under a deconvolution microscope (Olympus IX70), arrowheads indicate the DNA. Oocytes were serially scanned and optical sections were analyzed using DeltaVision software (Applied Precision Inc., CA) and total fluorescence (RFU, relative fluorescent units) was recorded for each section. Values for each sample were determined as means per oocyte (n=20, young; n=24, old), and these were compared between the 2 different age groups using Student's t test. Oocytes devoid of exposure to primary antibody (n=8) were used as a negative control to determine background noise. *P < 0.05, compared with oocytes from young mice. Arrowhead, DNA.
